Background: Trauma can fracture the scapular neck. Typically, a single plate along the lateral scapula border affixes the glenoid fragment to the scapula. This method is limited by difficulty in screw placement, frequent excessive soft tissue dissection, and risk for neurovascular injury. Substituting 2 smaller plates bridging the scapular neck mitigates these limitations, but no comparative mechanical data between techniques exists. Therefore, we compared the mechanical properties of two constructs securing a simulated scapular neck fracture. Methods: Twenty synthetic human scapulae underwent a templated scapular neck fracture. Repairs were performed with a single plate on the lateral scapular border (Column method), or two small plates parallel to the lateral border (Neck method). Measures of displacement, force, and stiffness were quantified during cyclic testing (20-150 N, 1 Hz, 1000 cycles) and loading to failure. Statistical comparisons were made with t-tests (p ≤ 0.050). Findings: The column constructs had higher displacements than neck constructs after 1000 cycles, but differences were small (mean) 0.18 (SD 0.01) vs. 0.15 (0.02) mm (p ≤ 0.004). Cyclic stiffness was 655 (43) and 790 (88) N/mm for the column and neck constructs, respectively (p ≤ 0.003). Both techniques performed comparably in failure loading: at 1 mm of gap reduction the compressive loads were 426 (61) N and 428 (48) N and stiffness was 354 (129) and 334 (80) N/mm for the column and neck constructs, respectively. Interpretation: Given the surgical advantages, the neck fixation may be more suitable without biomechanical compromise compared to traditional lateral column fixation.
Introduction
Traumatic shoulder injuries can result in fractures of the glenoid and scapula, and fractures of the scapular body come in variable configurations depending on the energy of the trauma (Bartonicek and Fric, 2011) . More than 50% of all extra-articular fractures involve the scapular neck (Ada and Miller, 1991; Armitage et al., 2009; McGahan et al., 1980; McGinnis and Denton, 1989) . Scapular neck fractures are classified in three types: 1) anatomical neck, 2) surgical neck, and 3) trans-spinous neck. Anatomical neck fractures are the most rare (Bartonicek et al., 2013) , and involve a fracture line extending from the lateral scapula border proximally between the superior pole of the glenoid and the base of the coracoid. Surgical neck fractures are similar to the anatomic neck fracture, but include the coracoid process (Bartoníček et al., 2014) . Trans-spinous fractures involve the coracoid, acromion, and lateral scapular spine in a primary fragment (Bartoníček et al., 2014) .
Scapular neck fractures involving > 1 cm of bony displacement or > 40°of fragment misalignment are indicated for open reduction and internal fixation (ORIF) (Hardegger et al., 1984; Jones et al., 2009; Romero et al., 2001) . Greater than 1 cm of malalignment may leave the fragment(s) unstable, particularly when combined with other ipsilateral injuries of the shoulder girdle. Realignment of the articular surface with respect to the muscular attachments of the scapula, such as the deltoid and rotator cuff, is a critical factor in successful clinical outcomes after scapular neck fractures (Bozkurt et al., 2005; Cole et al., 2012b; Schroder et al., 2016) . ORIF restores the anatomical relationship of the functionally imbalanced glenohumeral joint in order to stabilize the joint, prevent malunion, and limit subsequent pain or loss of range of motion (ROM) (Hardegger et al., 1984) .
The lateral scapular border has traditionally been used for fixation (Bahk et al., 2009) . A common approach for anatomic and surgical neck https://doi.org/10.1016/j.clinbiomech.2018.11.007 Received 10 August 2018; Accepted 20 November 2018 T fracture fixation is a single plate extending along the posterior surface of the lateral scapula border, engaging the glenoid fragment, with additional hardware used as needed to reduce the fracture (Adam, 2002; Hardegger et al., 1984; Khallaf et al., 2006; Lantry et al., 2008) . Other hardware configurations have been used to stabilize these fractures, including L-and T-plates, wire loops, and combinations thereof (Bartonicek et al., 2013) .
In a single plate repair, a reconstruction plate is affixed with at least 3 screws in the lateral border and 3 screws engaging the glenoid vault. From a surgical standpoint there are several problems with the single plate construct. First, the screws in the lateral border are often short (< 10 mm) and therefore can lead to inferior fixation simply due to screw length (Bravman et al., 2015) . While high energy trauma is often experienced by younger patients with good bone quality, the issue of fixation is exacerbated in patients where bone quality is compromised due to age or degenerative physiologic processes. The lateral border averages nearly 30 mm thick at the infraglenoid tubercle (range 10-37 mm), tapering rapidly to 9 mm (range 3-15 mm) at only 30% along the length of the lateral border (Burke et al., 2006) . Second, it can be difficult to position the 3 screws through the plate into the glenoid because clinical experience has shown that superior exposure of the glenoid can be limited by the suprascapular nerve. This is especially pronounced in smaller patients. Placement of the plate may compromise the suprascapular nerve and artery via over-retraction of soft tissues required to place the plate. Finally, the limited Judet approach commonly used for fixation (Jones et al., 2009 ) splits the infraspinatus/ teres minor interval and requires soft tissue stripping along the lateral border of the scapula as well as dissection of the circumflex scapular artery.
An alternative fixation method was developed to maximize fixation in the glenoid and achieve biomechanical stability while minimizing soft dissection and risk for neurovascular injury. Two short plates are placed in parallel, extending from the posterior glenoid vault directly medial onto the scapular body (Fig. 1) . With small plates, 4 screws are easily placed into the glenoid fragment. Because the plates extend directly medial from the glenoid, there is still significant bone for screw purchase (> 11 mm, range 7-15 mm (Burke et al., 2006) ) before the scapula becomes too thin as it progresses medial to the spinoglenoid notch. Using the modified Judet approach, no significant stripping or retraction is required which minimizes soft tissue and neurovascular compromise. Consequently, the limitations of the single plate technique are avoided.
Biomechanical testing of scapula fractures has only been performed on the canine scapula (Mair et al., 2003) . No mechanical studies have evaluated the initial fixation strength of scapula fracture constructs in the human shoulder. Therefore, the purpose of this study was to compare the mechanical strength of a simulated surgical neck fracture repaired with a single lateral border plate (Column) and an alternative construct with two smaller medially oriented plates on the scapular neck (Neck). We hypothesized that the cyclic loading and failure characteristics of the neck constructs would be stiffer and support more load than the column construct due to its central positioning, parallel beam structure along the line of force application, and the two additional screws.
Methods

Specimens
Mechanical testing was performed on 20 composite synthetic human scapulae (4th generation, Sawbones, Pacific Research Laboratories, Vashon, WA, USA), which eliminated variable bone quality and shape as confounding factors versus human tissue. 
Fracture model design and application
A surgical neck fracture was simulated using an approximately 2 mm wide resection osteotomy originating along the lateral scapula border in the inferior glenoid neck region (Fig. 2) . The fracture line extended linearly from the lateral scapula border proximally through the scapular body past the spinoglenoid notch up to the base of the coracoid process. This fracture model was selected to simulate a medial surgical neck fracture given the relative infrequency of the anatomic neck pattern (Bartonicek et al., 2013; Bartoníček et al., 2014) .
In order to directly test the constructs in a repeatable manner, without loading bone-on-bone contact, a linear fracture gap of consistent size was required. Prior fracture models also used wedge osteotomy or segmental resection osteotomy designs to allow direct comparisons between constructs without bone-on-bone loading obscuring the contributions of the fixation (Kim et al., 2011; Koh et al., 2006; Schaefer et al., 2015; Sokol et al., 2011) . Use of a cutting template ensured a repeatable size and location of the defect in each specimen.
Additionally, the incomplete osteotomy extending to the base of the coracoid allowed design of a model that maintained anatomic orientation in a repeatable manner. In clinical cases, soft tissues and traction of the rotator cuff pulling against the glenoid fragment often helps stabilize the fracture during plate placement. In the Sawbones model, no external stabilizing forces were present. During preparation of pilot specimens with a cut line extending all the way through the scapular body, the free glenoid fragment was not able to be consistently positioned relative to the test axis while maintaining a consistent gap width. The mechanical contribution of the bone bridge was quantified by testing scapulae without any fixation, but with a fracture gap and intact bone bridge. In the Results we present data on their relative compliance in contrast to specimens stabilized by a fracture repair construct, highlighting that the bone bridge provided alignment but the evaluated repairs supported the majority of test loading. The width of the gap was measured before and after applying the plate repairs, using digital calipers (CD-6″CSX, Mitutoyo, Aurora, IL, USA), to ensure the constructs did not compress the gap.
Fracture fixation constructs
Two fracture fixation methods were tested. The column method used a single 6-hole 3.5 Low Profile Curved Reconstruction Plate (length: 78 mm, radius of curvature: 88 mm) (245.906, Depuy Synthes, West Chester, PA, USA), from the lateral border extending superiorly across the posterior glenoid (Fig. 2, left) . Three bicortical screws were placed in the scapula, and three in the glenoid vault (3.5 mm diameter, 15-30 mm length). The neck method used two 4-hole plates: superior 2.4 mm LC-DCP (length: 35 mm) (249.924, Depuy Synthes) and inferior 2.7 mm LC-DCP (length: 37 mm) (242.204, Depuy Synthes) (Fig. 2 , right). For each plate, two bicortical screws were placed in the scapula and two in the glenoid vault (2.4 mm diameter, 20-32 mm length; 2.7 mm diameter, 14-30 mm length). These plates were selected based on the typical exposure of the posterior scapula in the modified Judet approach. The limited window between the infraspinatus and teres minor affords just enough room to place these plates in a region where the scapular body is thick enough to accept screws and not extend the plates or screws into the joint space. The screw lengths were selected to obtain bicortical purchase. Locking screws were not used as they are not typically required clinically since these high energy injuries are most commonly seen in young active patients with good bone quality (Cole et al., 2012b) .
Experimental setup
A mold of the scapular body (Bondo two-part resin, 3 M, St. Paul, MN, USA) was used to secure the scapula along the medial border and scapular spine below the level of the constructs, with the normal to the glenoid plane oriented vertically (Fig. 3) . A uniaxial servo-hydraulic materials testing machine (resolution 0.0001 mm; accuracy 0.014 mm at 10 mm displacement in compression; Instron 1331 Load Frame, Model 8800 controller, Instron Corp., Norwood, MA, USA) equipped with a 5 kN tension/compression load cell (Model 2518-103, Instron Corp., Norwood, MA, USA) applied loads directly on the glenoid surface. A 40 mm diameter steel ball simulated the contact of the humeral head centered on the glenoid. An Optotrak Certus Smart rigid body (resolution 0.01 mm; accuracy 0.10 mm; Northern Digital Inc., Waterloo, ON, Canada) was affixed to the specimens to track displacement of the scapula as it was loaded under compression. To avoid compromising the integrity of the constructs, rigid body clusters were affixed on the exterior surface of the scapular body and glenoid fragment. During data analysis, we observed that the glenoid markers were prone to large deformation errors which at times did not correlate with the linear Instron displacements. This precluded use of the glenoid marker for reliable tracking of the fragment, and instead the Instron was used due to the strict synchronization of force versus displacement. The rigid body on the scapula verified if any settling of the scapula in the holding fixture occurred. The scapula body displacement was subtracted from the Instron load applicator displacement to obtain the motion of the Fig. 2 . Specimens with 1-plate column (left) and 2-plate neck (right) constructs securing a surgical neck fracture gap. Note that the acromion was removed in order to make the fracture cut, but would have had no direct load bearing capacity in the experiment. Fig. 3 . A picture of a representative column test setup. Note to 40 mm diameter steel ball depressing the glenoid fragment down, perpendicular to the fracture gap, and the scapular body constrained in a fixture by a two-part resin. Optotrak Smart rigid bodies tracked displacement of the scapula relative to the actuator displacement. glenoid relative to the scapula. The compression displacement of the scapula was not subtracted during cyclic testing because the displacement of the scapular body was within the error of Optotrak measurements.
Mechanical testing
Two pairs of scapulae and constructs were loaded directly to failure during pilot testing to estimate the range of expected displacements and failure loads. Two additional scapulae were tested without any repair constructs to obtain a baseline for the strength of the bone bridge at the base of the coracoid process. Finally, seven pairs of scapulae underwent cyclic testing followed by ultimate failure testing.
For the cyclic testing, specimens were loaded from 20 to 150 N for 1000 cycles at 1 Hz in a triangle waveform. The 150 N peak cyclic load was determined from pilot tests to ensure that testing occurred on the elastic portion of the load-displacement response of the constructs. Displacement of the glenoid relative to the scapula was evaluated at 1, 10, 100, 200, 300, 400, 500, 800 and 1000 cycles. Stiffness was calculated at the 1000th cycle as the change in force over the change in displacement during last 10% of compression in the cycle.
Failure testing utilized a 10 mm displacement applied at 1 mm/s. Forces were compared at 1 mm of gap closure which allowed evaluation at a point prior to complete fracture gap closing and bone-on-bone loading. Additionally, forces were evaluated at the ultimate failure of the bone bridge to determine if its inclusion had any influence on the failure response of the constructs. Ultimate failure was defined as the first point on the force-time curve at which the force displayed a sudden decrease in load support. Stiffness was calculated at the 1 mm displacement point. To quantify the changes in force and displacement during failure, 10 consecutive data points (equivalent to 0.1 mm displacement total) were fit with a linear regression to calculate the stiffness. R 2 values of 0.99 (0.01) confirmed a linear relationship in this region. In specimens with no construct, the fracture gap was unsupported on the lateral border and gap closure acted as a cantilever beam. Based on the geometry of gap closure, the 1 mm displacement point of the lateral border was calculated as approximately 0.5 mm displacement of the load applicator. Stiffness in these specimens was calculated at the 0.5 mm displacement point on the force-displacement curve.
Statistical analysis
Statistical analyses were performed using two-tailed t-tests with significance at p ≤ 0.050. Given that the compliance of the no-fixation specimens was qualitatively much lower than either construct (i.e. gap closure could be achieved using one finger alone), a one-tailed t-test was used to compare the stiffness without constructs to that of the constructs. Independent t-tests were used for all comparisons between groups, with the exception of failure gap closure vs. bone bridge failure which used paired t-tests to compare within groups. A priori power analyses showed a sample size of 7 pairs was adequate to detect a difference of mean 100 (SD 60) N in failure force and 0.10 (0.05) mm in displacement, as calculated using G*Power 3.1 (Faul et al., 2009 ). These effect sizes were estimated from the performance of the pilot constructs. All data are presented as mean (SD).
Results
Initial cyclic loading caused a gross displacement of both constructs, on the order of 0.4 mm (Fig. 4) . Cyclic loading over 1000 cycles showed higher displacement for the column construct compared to the neck construct at the 10th cycle and each point thereafter (p ≤ 0.017). The displacements of both constructs stabilized by 200 cycles and further incremental micromotion of the bone segments were not detected. The displacements at cycle 1000 were 0.18 (0.01) mm and 0.15 (0.02) mm for the column and neck constructs, respectively (p = 0.004). At the 1000th cycle the neck construct was significantly stiffer than the column construct (790 (88) vs. 655 (43) N/mm, respectively, p = 0.003).
The compressive load and stiffness at the 1 mm gap reduction failure point showed no differences between the two constructs, but differences were detected between the constructs and no-construct group. The compressive loads upon reaching 1 mm of gap closure were 98 (9) N, 426 (61) N and 428 (48) N for the no-construct, column, and neck groups, respectively (Fig. 5) . Both fixation groups supported significantly more load than the specimens without any fixation (p ≤ 0.001). The failure stiffness measured at the 1 mm gap reduction point was 157 (6) N/mm, 354 (29) N/mm and 334 (80) N/mm for the no-construct, column, and neck groups, respectively (Fig. 6 ). Significant differences were detected between the column and no-construct scapulae (p = 0.039) and the neck and no-construct scapulae (p = 0.011) but not between the two constructs.
Ultimate failure of the bone bridge occurred at 1013 (35) N, 1224 (370) N and 1343 (245) N for the no-construct, column, and neck groups, respectively. This point in the test coincided with collapse of the bone bridge with subsequent bone-on-bone loading. There were no statistically significant differences between the groups. The bone bridge failures occurred at significantly higher loads than the respective 1 mm gap closure failure criteria in each specimen (p ≤ 0.020).
The gap width measurements before and after fixation were 2.3 (0.1) and 2.2 (0.2) mm for the column fixations and 2.4 (0.1) and 2.4 (0.2) mm for the neck fixations. For the no-construct specimens the gap width measurement was 2.4 (0.2) mm. The values presented are averages of two measurements taken at each of the two ends of the fracture line: the lateral border and the base of the coracoid. The differences were significant only in the column group (p = 0.024) and all differences between and within groups (before and after fixation) were < 10% of the mean. To test repeatability of measurements standard error of the mean for 10 measurements was calculated to be 0.02 mm.
Discussion
In this study we proposed an alternative 2-plate neck fixation for surgical neck fractures and evaluated its mechanical properties against a standard 1-plate column fixation. Cyclic displacement beyond the 10th cycle was consistently different between the two constructs; however, the magnitude of the difference was < 0.2 mm. Cyclic stiffness showed significant differences between the two constructs at the end of the test. Failure metrics of force and stiffness evaluated at the failure point, defined at a 1 mm gap closure, did not show statistical differences between the two constructs. The neck construct provided less displacement and higher stiffness in cyclic loading, but performed essentially equivalent to the column construct in failure testing. Thus, our hypotheses were partially supported.
Very limited data exists regarding scapula neck fracture fixation. Most studies are small clinical series retrospectively evaluating surgically treated patients (Adam, 2002; Cole et al., 2012a; Hardegger et al., 1984; Jones et al., 2009; Khallaf et al., 2006; Lantry et al., 2008; Schroder et al., 2016) . These studies provide data on functional outcomes, and sometimes radiological measures of union/malunion, the glenopolar angle (GPA), medial/lateral displacement, and angular deformity. Only Bartonicek et al. have been consistent in reporting of fracture pattern terminology and plain radiograph and 3D CT reconstruction used in classification of the repairs for scapular fracture (Bartonicek et al., 2013; Bartoníček et al., 2014; Bartonicek and Fric, 2011) . However, these studies inherently possess the limitations of retrospective studies and display heterogeneity in factors such as patient cohort, fracture location, and fracture fixation. While there is a general shift in preference towards mini-fragment fixation and these have been used clinically with successful outcomes (Jones et al., 2009 ), this approach in scapular neck fractures has not been evaluated against the standard fixation techniques. In contrast, several studies have investigated the biomechanical outcomes of various clavicle fixation methods (Bravman et al., 2015; Celestre et al., 2008; Prasarn et al., 2015) .
We observed that during cyclic testing, the column construct consistently exhibited higher displacement than the neck construct. The relatively larger displacement for the constructs during the early cycles could be attributed to initial settling of the fixation plates and screws into the specimens. The difference in displacements beyond the 10th cycle was not considerable within each construct, but the cyclic stiffness for the neck construct was consistently higher than the column construct. The additional stiffness of the neck construct could be beneficial in a clinical setting where stability of the initial fixation would provide most of the support for healing.
It should be noted that our displacements were considerably lower than those reported by Mair et al. in the canine scapula (~0.2 mm vs.
2 mm, respectively) (Mair et al., 2003) . This is likely due to their cyclic loading protocol, which occurred over 4000 cycles from 100 to 1000 N, whereas ours was performed over 1000 cycles between 20 and 150 N. Their displacements were reported at 450 N whereas our displacements were reported at peak loading of 150 N, which was selected to ensure the loading occurred within the elastic region of the construct response. While bone-on-bone loading, or lack thereof, was likely the origin of the different loads between studies, anatomic differences between the human and canine scapula, orientation of loading with respect to the plates, and plate sizes may also have contributed.
The constructs in the present study were evaluated at a 1 mm gap reduction point in the failure test, which was important for the following reasons: First, the force/displacement relationship was linear in this region and gave an optimum region for comparison of stiffness. Second, at this point any differences in outcomes could be attributed to the construct since all other test factors were equivalent. Finally, the 1 mm criterion was consistent across all specimens regardless of construct type or lack thereof, and directly loaded the gap without boneon-bone contact. From a clinical perspective this measure provides the strength and stiffness of the construct itself, where factors such as poor bone quality may have confounded cadaveric data where the construct would act as primary support. In terms of clinical relevance, the gap creation is an artificial scenario used to provide a benchmark to compare the two constructs, yet significant differences were not detected in the failure force and stiffness metrics evaluated. It is expected that the addition of bone-on-bone contact in a clinical fracture fixation would only increase the stiffness and failure loads if all other variables were constant.
Again in comparison to Mair et al., our failure forces were considerably lower than those in the canine scapula (~400 N vs.~3000 N, respectively) (Mair et al., 2003) . Their model did not include a defined fracture gap, so their significantly higher failure loads likely arose from bone-on-bone loading. It is possible that the structural integrity of the canine scapula and plating construct they used was also significantly stronger than the constructs used herein. Certainly quadruped scapulae may only provide limited insights into biped scapular mechanics. It is interesting to note that given the differences in protocol, displacement, and failure loads between the studies, our construct stiffness (330-790 N/mm) was relatively comparable to the canine constructs (537-734 N/mm).
The compressive loads and stiffness of the specimens fixed with constructs were, as expected, significantly greater than the no-construct specimens. This showed that the plate constructs bore the majority of loading and the coracoid bone bridge only served to normalize alignment of the repairs. This is further reinforced by the observation that the bone bridges failed at approximately the same loads regardless of the presence of a construct, or construct type. For all specimens, except one specimen in the column group, this bone bridge fracture occurred after complete closing of the gap. Subsequently, the specimens sustained higher compressive loads due to bone-on-bone loading and the glenoid fossa experienced comminuted fracture towards test completion. The plates and screws were not damaged during the testing, but screws were noted to cut through the cortical shell of the specimens at times. This study is the first to compare surgical neck fracture fixations in a human scapula experimental model. However, there are some limitations. Although the synthetic scapulae replicate human bone with a hard cortical shell and foam core approximating cancellous bone, in the future, these results should be validated using human cadaver specimens to capture the natural variation in shape and mechanical properties of human bone. Next, the cyclic testing was performed for only 1000 cycles. While this does not represent the large number of repetitive motions performed physiologically, it allowed consistent loading of the constructs prior to the failure test. Whereas the tests performed herein were completed immediately after placement of the construct, clinical patients are immobilized for a period of time to allow for healing before passively then actively loading the glenohumeral joint. Similarly, the stability afforded due to bone healing could not be modeled in this study. In a clinical setting poor bone quality might affect the performance in healing and repeated loading. However, buttressing with screw placement in opposition to possible motion and complete reduction of gap are strategies used to mitigate construct failure. Direct translation of the displacements, failure loads and stiffness values to a clinical setting is limited by the experimental conditions. Eliminating bone-on-bone loading allowed us to compare the constructs without confounding effects of higher loading borne by the bone-on-bone contact. This was necessary to detect small differences in mechanical properties of the constructs. The test setup allowed only simple compression, but activities of daily living could involve significant shear loading in addition to compression. In the future, use of dynamically changing loading vectors would provide more detailed data for alternative loading conditions. Lastly, the use of a single anatomic representation of the scapula, when there is known variability in glenoid version and tilt, also limits clinical translation of the absolute magnitudes of the measured values. Future studies should test constructs in cadaver bone to capture the effect of these morphologic variants. While not directly tested in this study, it is expected that similar results would be obtained with an anatomic neck pattern where the fracture line extends superolaterally towards the superior pole of the glenoid from the inferior glenoid neck on the lateral border.
Conclusions
In conclusion, in a model of surgical neck fracture the 2-plate neck fixation had less displacement and was stiffer at the end of the cyclic testing compared to the 1-plate column fixation, but the differences were small. The column and neck plating techniques performed comparably in the mechanical metrics of failure compressive loads and stiffness. The neck construct has favorable advantages in placement and surgical technique and provides an alternative fixation strategy to single plate column repairs of scapular neck fractures.
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